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Precipitation processes in hydrothermal ﬂuids exert a primary control on the eventual distribution of elements, whether
that sink is in the subseaﬂoor, hydrothermal chimneys, near-ﬁeld metalliferous sediments, or more distal in the ocean basin.
Recent studies demonstrating abundant nanoparticles in hydrothermal ﬂuids raise questions as to the importance of these
nanoparticles relative to macro minerals, as well as the fate of such particles in hydrothermal systems. Here we evaluate
the particle geochemistry of black smoker ﬂuids from Niua South vent ﬁeld, including nanoparticles and macro minerals,
in order to consider how the processes of mineral precipitation aﬀect mineral size and morphology, and how this mineral pre-
cipitation may dictate element sinks as hydrothermal ﬂuids begin to mix with seawater. We ﬁnd that the Niua vent ﬂuids are
dominated by sulﬁde and sulfate minerals, with the mineralogy of major and minor minerals changing with temperature,
degree of mixing with seawater and rate of precipitation. The majority of particles are submicron in size, and sulﬁde minerals
become larger and exhibit more crystalline morphology with increasing seawater content in the ﬂuids. Minor minerals include
gold and bismuth tellurides, and nanoparticulate chalcopyrite and nano-zinc sulﬁde occur. These ﬁndings are consistent with
major mineral classes and precipitation processes observed in other systems, while providing further insight into the details of
mineral precipitation at Niua including the separate and combined inﬂuences of boiling, mixing and cooling during
hydrothermal ﬂuid transport and initial interactions with seawater. This work demonstrates that boiling and rapid mixing
encourages the formation of nanoparticles, whereas conductive cooling encourages particle growth. Further, these data
demonstrate that the possible inﬂuence of nanoparticles in hydrothermal systems are not restricted to enhancing element
transport, but may also include restricting mineral growth and aﬀecting physicochemical properties of hydrothermal
chimneys.
Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-
nd/4.0/).
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The mineralogy, size, and fate of particles formed at the
interface of hydrothermal ﬂuids and ocean water has been
of interest since the ﬁrst observations of active hydrother-
mal vents. Early research recognized that diﬀerent particle
plumes formed at seaﬂoor chimneys, with ‘‘black smokers”
indicating higher temperature and comprised mainly of sul-
ﬁde minerals, and ‘‘white smokers” forming at lower tem-
perature and composed of amorphous silica, barite, and
pyrite (Haymon and Kastner, 1981) or zinc and calcium
rich particles (James and Elderﬁeld, 1996). Since this initial
discovery, the diversity of hydrothermal systems and miner-
alization processes continues to expand. A variety of miner-
als have been identiﬁed in hydrothermal plumes including
various metal sulﬁdes (e.g., chalcopyrite, pyrite, sphalerite,
pyrrhotite), barite, iron oxides, elemental sulfur, and sili-
cates, in sizes from <2 to 100 lm (Feely et al., 1987).
Although the general trend from a dominance of sulﬁde
minerals near the vents, to oxide minerals farther from
the vents has long been a paradigm, a detailed understand-
ing of where in the hydrothermal system or plume such par-
ticles form, the diversity of such particles, and their
residence times is still emerging. Empirical description
and quantiﬁcation of sub-micron and nano-sized minerals
in hydrothermal plumes is fairly recent (Yu¨cel et al.,
2011; Gartman et al., 2014), although signiﬁcant stability
and dispersal for small sulﬁde minerals (Feely et al.,
1987), and the presence of copper containing colloids has
long been suggested (James and Elderﬁeld, 1996).
The dynamic nature of hydrothermal plumes and the
rapid cooling of hydrothermal ﬂuid upon emission into sea-
water also results in enhanced microbial activity and
organic matter entrainment. As a result, almost all studies
of hydrothermal ﬂuid-borne minerals focus on particles in
the rising or neutrally buoyant plume, rather than in the
high-temperature ﬂuids. Breier et al. (2012) observed a
range of minerals, from <2 nm to >10 lm in diameter,
embedded in organic aggregates within a plume above
EPR 9500N, and noted that the mineralogy was inconsis-
tent with thermodynamic models, indicating the complexity
of particle formation reactions in hydrothermal systems.
Previous work has performed couple in-situ ﬁltration to
synchrotron-based techniques to examine microbial inter-
actions, carbon geochemistry, and crystalline and poorly
crystalline minerals (Toner et al. (2016) and has demon-
strated that the metals interacting with organic material
in the rising hydrothermal plume need not be mineral asso-
ciated (e.g., Toner et al., 2009; Sander and Koschinsky,
2011). Kleint et al (2016) recently demonstrated via voltam-
metric analysis that only 1–12% of Fe in the rising
hydrothermal plume is chemically labile. These studies
investigate element pools that have avoided immediate set-
tling, are strongly associated with organic material, and are
therefore a step removed from initial hydrothermal emis-
sions but are more applicable to potential basin (and glo-
bal) element transport.
In contrast to plume studies, an examination of the par-
ticles in high-temperature ﬂuids allows us to constrain the
initial conditions of precipitation in the vent ﬂuid withvariable amounts of seawater entrainment and little to no
biological inﬂuence. It has been demonstrated that abun-
dant nanoparticles are emitted in high-temperature
hydrothermal ﬂuids (Gartman et al., 2014; Yu¨cel et al.,
2011), although knowledge of the factors controlling
nanoparticle formation and global transport is just begin-
ning. Iron has been the focus of many recent investigations
into hydrothermal plume geochemistry due to its impor-
tance as a micronutrient in the surface ocean, but there
are many other elements emitted from these systems which
are elevated orders of magnitude relative to seawater, trans-
ported as particles, and are biologically relevant, and/or of
societal interest. The current interest in mining seaﬂoor
minerals, including seaﬂoor sulﬁde deposits and metallifer-
ous sediments, has emphasized the need for quantitative
information on the mineralogy, size classes, chemistry,
and potential fate of emitted particles.
This study focuses on Niua South, a boiling hydrother-
mal site on an arc volcano in the Northeast Lau Basin. Pre-
vious studies of Niua have discussed mineralogy, which
includes abundant sphalerite, chalcopyrite pyrite, barite
and anhydrite occurring in low mounds of massive sulﬁde
capped by active chimneys (Jankowski, 2011; Peterkin
et al., 2018), conduced detailed mapping of the crater con-
taining the active vents (Kwasnitschka et al., 2016). Previ-
ous work has also discussed gas chemistry, and notes that
Niua exhibits arc-like characteristics based on ﬂuid
helium/carbon ratios (Lupton et al., 2015). Hydrothermal
systems on arc volcanoes are typically shallow compared
to mid-ocean ridge and back-arc hydrothermal systems,
and boiling, which is observed at Niua, is not uncommon
(Monecke et al., 2014); prior studies have also observed
phase separation either directly or through salinity changes
in the resultant ﬂuids in shallow seaﬂoor systems (Stoﬀers
et al., 2006; Schmidt et al., 2017).
At hydrothermal vent sites that are not actively boiling,
ﬂuid mixing and cooling are considered to be primary con-
trols on mineral precipitation; these processes co-occur as
hydrothermal ﬂuids are mixed into cold seawater. Based
on a combination of thermodynamic modeling and particle
analyses from several hydrothermal sites along the Mid-
Atlantic Ridge, Klevenz et al. (2011) suggested that, mixing
provided a more important control on particle formation
than cooling. However, the number of studies examining
these processes separately is limited, and the relative impor-
tance of each process will vary between hydrothermal
systems.
Here we examine particle geochemistry of hydrothermal
ﬂuids from Niua South vent ﬁeld. We consider particles
from nano-to-macro scale, including the manner of particle
formation and implications for the fate of various elements
that are important both for hydrothermal metal sulﬁde
mineral formation and global ocean chemistry.
2. METHODS
2.1. Site description
Samples were collected from the hydrothermally active
Niua South vent ﬁeld (15.164S, 173.757W) during spring
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The vent ﬁeld is situated within a 500-m diameter volcanic
crater, at a depth of 1160 mbsl on the southeast ﬂank of
Niua South volcano, at the northern termination of the
Tonga volcanic arc. It had previously been visited by the
R/V Roger Revelle in 2012 (Resing et al., 2012) and Nau-
tilus minerals (Jankowski, 2011). Boiling, focused, and dif-
fuse ﬂow samples were collected at diﬀerent pressures and
temperatures, and these have been described by Gartman
et al. (2018). Most samples were collected in duplicate
(Table 1).
2.2. Sampling
Fluid samples from Niua were collected using titanium
major samplers with the ROV ROPOS. Prior to sample col-
lection, the temperature of the venting ﬂuids were measured
using the ROPOS high temperature probe. Between one
and eight hours elapsed between sample collection and
shipboard recovery of the ROV.
Samples were processed immediately upon shipboard
recovery. Temperature and pH of the ﬂuids was ﬁrst
recorded, with the temperature at surface always between
20 and 25 C, compared to approximately 3.5 C for
in-situ bottom water at Niua. Fluids were then subsampled
for element analysis, including major elements and trace
metals via ICP-MS, and sulfur via acid volatile sulﬁde/
chromium reducible sulfur (AVS/CRS) analysis. Samples
for trace metal analysis were frozen whole at sea, without
ﬁltration. Samples for AVS/CRS (both whole and 0.2 lm
ﬁltered) were ﬁxed in 1 M NaOH and 0.1 M zinc acetate.
Samplers were shaken continually during subsampling to
maintain particle distribution in suspension. After subsam-
pling was complete, particles in the remainder of the ﬂuid
were collected via centrifugation by the method of
Gartman et al. (2014). The precipitate collected from cen-
trifugation was capped with N2 and frozen until analysis.
The precipitate that resulted in tarnish on the sampler snor-
kel during sampling of the boiling vent was collected on
paraﬁlm, and frozen under nitrogen until analysis.
2.3. Fluid analyses
2.3.1. Inductively coupled plasma mass spectroscopy
(ICP-MS)
For major elements, samples that had been acidiﬁed
shipboard with HCl to below pH 1 were further leached
upon return to shore with nitric acid for at least 48 h. Fol-
lowing secondary acidiﬁcation, samples were ﬁltered
through a 0.2 lm Puradisc Nylon ﬁlter, diluted 100-fold
in 2% HNO3 and analyzed on a Perkin Elmer NexION
300Q ICP-MS. Beryllium 9, Ge 74 and Tl 205 were run
as internal standards. Analytical precision determined by
repeat analysis is better than 5%.
For trace metals, whole ﬂuids (unﬁltered) were acidiﬁed
using subboiled HNO3. Digestion of insoluble precipitates
was performed over night at 160 C in PFA vials (Savillex)
using a multistep mixed acid procedure with HF-aqua
regia. Digested liquids were analyzed with both matrix-
matched calibration and standard addition by highresolution ICP-SF-MS (Thermo Scientiﬁc Element XR) in
the ICP-MS Laboratory of the Institute of Geosciences,
Kiel University, following the procedure of Garbe-
Scho¨nberg (1993) and Koschinsky et al. (2008). Analytical
precision determined by repeat analyses of ﬂuid samples
is <1–7% RSD and limits of quantiﬁcation (L.O.Q.) for
each element are determined by repeat analysis of blanks
on each instrument and monitored by control samples
and duplicates. The accuracy of the results was assessed
by analyzing NASS-5 Reference Seawater (NRCC National
Research Council of Canada), IAPSO Standard Seawater
(International Association for the Physical Sciences of the
Ocean), NIST Standard Reference Material 1640a and
1643e (National Institute of Standards and Technology),
and two in-house standards (JUB-1 and CAU Anna Louise
black smoker hydrothermal ﬂuids).
2.3.2. AVS/CRS distillations
Sulfur partitioning in the ﬂuids was investigated using
AVS/CRS. Samples were thawed and added to three-neck
round-bottom ﬂasks for distillation. Five mL of 5 M HCl
were added through the septa to liberate AVS. After purg-
ing with nitrogen for 1.5 h, the liberated sulﬁde gas was
trapped as ZnS in 10–15 mL of anoxic zinc acetate
(5% w/v) in a glass test tube. To measure CRS, fresh zinc
acetate was added to new test tubes, then 5 mL acidiﬁed
Cr(II) (1.2 M) were injected into the reaction vessels. Cr
(II) was prepared by reducing a Cr(III) solution with zinc
metal under nitrogen ﬂow. After the addition of Cr(II)
the mixture was allowed to purge and trap H2S for one
hour. Sulﬁde in the traps was quantiﬁed using the methy-
lene blue spectroscopic method (Cline, 1969). The detection
limit for this method is 1 mM sulﬁde.
2.3.3. Multiple sulfur isotope analyses
Samples from AVS/CRS analysis preserved as ZnS were
converted to Ag2S upon addition of Ag2NO3 (1 M). The
precipitate was allowed to age one week, then washed with
18.2 MX water (MilliQ) and diluted NH4OH (1 M).
Washed samples were dried overnight at 60 C.
Silver sulﬁde was converted to SF6 by reaction with
excess F2 at 300 C for at least 10 h in Ni alloy reaction
chambers. The SF6 was then puriﬁed cryogenically and by
preparative gas chromatography. Following puriﬁcation,
stable sulfur isotope abundances (32S, 33S, 34S and 36S) were
measured with a Finnigan MAT 253 dual inlet mass spec-
trometer at m/z values of 127, 128 129 and 131 (32SF5
+,
33SF5
+, 34SF5
+ and 35SF5
+) (Ono et al., 2006). d 36S values
have greater error due to the low natural abundance of
36S and did not provide information additional to 33S
(McDermott et al., 2015). They are therefore not presented
here.
2.3.3.1. Isotope notation. Isotopic composition is presented
in per mil using standard d notation relative to VCDT
(Eq. (1))
d3xS ¼ 3xRsample= 3xRVCDT  1
 
 1000 ð1Þ
in which 3xR = 3xS/32S (x = 3 or 4).
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(Eq. (2)), which describes the mass-dependent deviation of
d33S from a reference fractionation line (Farquhar et al.,
2003). Precision for d34S is 0.5‰, and precision for D33S
is 0.02‰.
D33S ¼ d33S 1000 d34S=1000þ 1 0:515  1
h i
ð2Þ2.4. (Nano)particle analyses
2.4.1. X-ray diﬀraction (XRD)
XRD was performed on samples that were centrifuged
shipboard and stored under nitrogen and frozen until anal-
ysis. Upon return to shore, precipitates were evaporated
onto a zero-diﬀraction Si wafer (MTI) for powder XRD.
Approximately the same amount of material was used for
each sample. Although samples underwent rinses with
deionized water, some of the bulk XRD patterns contained
halite peaks, which were excluded from semi-quantitative
results as halite is assumed to be an evaporite from remnant
seawater.
To analyze the snorkel tarnish, a circle was cut from the
paraﬁlm and placed directly on a zero-diﬀraction Si wafer.
This scan was compared with a similarly prepared sample
of ‘clean’ paraﬁlm to remove diﬀraction peaks due to the
paraﬁlm.
Samples were run on an X’Pert3 powder diﬀractometer
by Panalytical. Samples were scanned from 5 to 70 2h
using a Cu Ka source. For each sample, the scan was per-
formed three times, with a 0, 1, and +1 degree wobble and
ﬁnal scans were an average of all three scans, in order to
account for preferential sample orientation that may have
occurred due to evaporation. Search-match for phase iden-
tiﬁcation and semi-quantitative analysis of diﬀractograms
was performed using HighScore Plus by Panalytical. For
a further check on similarity between scans, aside from
phase ID and peak identiﬁcation, HighScore plus was also
used to compare scans using Principal Components Analy-
sis (PCA) and Hierarchical Agglomerative Cluster Analysis
of the proﬁle data, after Hein et al. (2013). Only proﬁle data
were considered, and the Euclidean distance measure was
used. Major minerals are approximately >25%, intermedi-
ate minerals are 5–25%, and minor minerals are <5% based
on semi-quantitative analysis, however mineral quantiﬁca-
tion has high uncertainty given the low sample volumes
analyzed.
2.4.2. Scanning electron microscopy/energy dispersive X-ray
spectroscopy (SEM/EDS)
SEM/EDS was performed on samples that were cen-
trifuged shipboard and stored under nitrogen and frozen
until analysis. Pellets were re-suspended in 18.2 MX
(Milli-Q) puriﬁed water, then precipitated directly onto
12.5 mm Ted Pella aluminum stubs. Samples were then
rinsed several times with Milli-Q distilled water to remove
salts and evaporated under nitrogen. Samples were ana-
lyzed using a Tescan VP-SEM in high vac mode. High-
resolution imaging was performed at 3 kV, and elemental
analyses were performed at 20 kV and 14 mm workingdistance. Samples were run without conductive coating so
that element analyses could be performed for all elements.
Imaging was performed using both secondary electron
and backscatter detectors, or a mix of the two detectors.
Scale bars shown were added using ImageJ.
2.4.3. Transmission electron microscopy (TEM)
TEM was used to investigate particles falling below the
resolution of SEM. TEM results for gold were obtained at
Virginia Tech’s NanoEarth facility using a LaB6 Jeol-2100
TEM, operated at 200 keV. Samples were embedded in
SPUR resin and sectioned to a thickness of less than
100 nm.
TEM results for all other minerals was performed at
Stanford Nano Shared Facilities (SNSF) using a Tecnai
G2 F20 X-TWIN TEM at 200 keV. Samples were evapo-
rated onto lacey carbon stubs using deionized water. EDS
was performed using EDAX Genesis software and includes
data collected from the entire ﬁeld of view. Scale bars
shown were added using ImageJ.
2.4.4. Micro Raman
Micro- Raman spectroscopy was performed speciﬁcally
to obtain mineralogical information regarding bismuth tel-
luride minerals identiﬁed via SEM/EDS. A Thermo Scien-
tiﬁc DXR MicroRaman, a 532 nm laser and a high-
resolution grating, with 1800 lines per mm were used. A
50 lm pinhole was usually used, resulting in an estimated
spot size of 2.1 lm. OMNIC software was used to run
and ID phases. Particles that had been previously identiﬁed
using SEM were sought out. Spectra were collected in trip-
licates of between 30 and 60 s at 1 mW power using a 10
or 100 lens.
2.5. Solubility calculations
Solubility calculations were performed with PHREEQC
version 3, using element concentrations obtained by ICP-
MS and sulfur distillations. Magnesium is assumed to rep-
resent seawater entrainment into the hydrothermal ﬂuids
rather than an artifact of sampling. Sulfate was assumed
to entrain linearly with magnesium, with zero Mg consid-
ered to correspond to pure hydrothermal ﬂuid (Edmond
et al., 1982). Calculations were performed at measured in-
situ temperature and extrapolated in-situ pH. In addition
to these considerations, it is assumed that particle forma-
tion during initial sampling is analogous to that occurring
in the chimney.
3. RESULTS
3.1. Fluid chemistry
Element analyses for whole-ﬂuids are presented in
Table 1. Sodium and chlorine at Niua are higher than sea-
water, with the lowest values in the most dilute samples
indicating that the eﬄuent is a brine. Chloride/bromide
ratios are similar to those in seawater, 1.57 ± 0.13  103.
Iron is in excess to manganese and sulfur, and Fe/Mn ratios
do not decrease as a function of Mg, indicating that
Table 1
Fluid concentrations of major elements and particle relevant elements for all samples at Niua. Results presented are whole ﬂuid (unﬁltered) concentrations.
Sample name Dive number/
sampler
Description T (C) Depth Latitude Longitude pH Mg (mM) Si (mM) Ca (mM) K (mM) Na (mM) Cl (mM)
Boiling 1 1918 blue Boiling 325 1164 15.163162 173.5747 3.14 4.0 15.3 22.9 59.8 550.2 645.9
Boiling 2 1918 yellow Boiling 325 1163 15.163162 173.5747 3.84 15.0 11.4 20.3 48.8 534.3 627.5
Focused ﬂow
1
1918 red Focused
Flow
302 1155 15.162867 173.57464 4.12 23.6 6.5 18.0 39.8 524.8 568.8
Focused ﬂow
2
1918 orange Focused
Flow
302 1155 15.162867 173.57464 5.98 38.3 0.6 8.4 10.7 450.3 452.9
Focused ﬂow
3
1919 yellow Focused
Flow
300 1151 15.164768 173.5736 3.36 3.4 14.6 21.2 48.0 521.3 622.8
Focused ﬂow
4
1919 green Focused
Flow
300 1151 15.164768 173.5736 4.73 28.0 8.0 18.8 35.4 535.5 532.5
Focused ﬂow
5
1919 gray Focused
Flow
316 1155 15.164662 173.57423 3.62 12.1 8.5 16.9 28.1 503.5 530.8
Focused ﬂow
6
1919 red Focused
Flow
316 1155 15.164662 173.57423 4.43 22.8 7.6 16.0 40.1 524.8 601.0
Focused ﬂow
7
1920 blue Focused
Flow
278 1146 15.165502 173.5739 4.57 21.1 6.0 10.5 18.7 462.8 597.9
Diﬀuse ﬂow 1920 orange Diﬀuse Flow 250 1142 15.164893 173.57293 4.14 31.4 6.2 16.2 32.3 525.0 594.1
Sample name Br (mM) Fe (lM) Mn (lM) Cu (lM) Zn (lM) Pb (lM) Ag (nM) Au (nM) As (lM) Bi (nM) Te (nM) Ba (lM) Sr (lM)
Boiling 1 1.1 2980 1280 42.3 66.7 2.58 35.6 3.1 8.9 5.7 17.6 82.5 125
Boiling 2 1.0 2350 983 69.8 86.9 3.76 52.5 3.7 12.4 8.1 17.6 101 111
Focused ﬂow 1 0.9 1600 725 37.4 54.8 2.32 37.1 2.9 8.6 8.4 11.2 61.1 108
Focused ﬂow 2 0.7 161 54.4 30.9 26.4 1.51 19.8 3.0 2.8 9.1 10.4 43.3 96.7
Focused ﬂow 3 0.9 3990 1390 50.9 100 4.52 61.0 1.6 14.3 7.2 16.8 109 152
Focused ﬂow 4 0.7 1910 661 35.9 50.0 1.50 15.6 2.0 7.0 23.4 38.4 57.5 129
Focused ﬂow 5 0.7 2460 982 55.6 70.7 2.58 40.7 3.1 9.8 6.0 13.6 57.7 123
Focused ﬂow 6 1.0 1570 629 83.1 49.6 2.00 18.8 5.4 8.6 240 303 64.1 106
Focused ﬂow 7 1.0 1360 591 13.0 43.3 1.41 18.6 1.6 6.1 0.6 3.2 37.5 110
Diﬀuse ﬂow 1.0 1260 568 75.3 62.5 3.03 45.9 26.7 9.5 0.4 4.8 90.5 119
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Fig. 1. AVS (a), CRS (b), and sulfur isotopes (c) from samples at Niua. The AVS/CRS ratios are highly variable, and samples at Niua are
between 34 and 98% AVS. Isotope results were not obtained for all samples due to limited sample volume.
Table 2
Sulfur isotope results for ﬂuids from Niua. All results are for total
sulﬁde (AVS + CRS).
Sample d33S d34S D33S
Boiling 1 1.75 3.42 0.0090
Focused ﬂow 1 1.28 2.55 0.030
Focused ﬂow 3 1.79 3.63 0.065
Focused ﬂow 5 1.66 3.22 0.0030
Focused ﬂow 6 1.71 3.32 0.0080
Focused ﬂow 7 1.37 2.56 0.056
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rapidly upon seawater entrainment, consistent with Fe S.
AVS ranges up to 0.70 mM in the ﬁltered fraction and
0.93 mM in the unﬁltered fraction; CRS is a maximum of
0.37 mM in the ﬁltered fraction, and 0.44 mM in the unﬁl-
tered fraction (Fig. 1). d34S ranges from 2.5 to 3.6, and D33S
ranges from 0.065 to 0.057. (Fig. 1, Table 2). Niua is not
as acidic as some arc and back-arc ﬂuids; the lowest pH
measured shipboard was 3.14, in contrast to pH values
below 2 measured at white and black smokers in Lau Basin,
the southern Mariana Trough and the Okinawa trough
(Gamo et al., 2006). A mixing curve of hydrothermal
enrichments vs. Mg indicates that at Niua pure hydrother-
mal ﬂuids trend toward zero Mg, (Table 1) validating the
zero Mg endmember assumption used for seawater entrain-
ment in solubility calculations.
3.2. Major mineralogy and microscopy
For all ﬂuid samples collected at Niua, the dominant
mineral identiﬁed by XRD was either barite, chalcopyrite,
anhydrite, pyrite, or come combination of these. Sphalerite
was also identiﬁed by XRD in four of the ten ﬂuid samples
(Fig. S3, Table 3). The majority of particles observable in
the ﬂuid samples via SEM can be represented in four broad
classes. The ﬁrst dominant particle type was tabular barite,with average size varying between 1 and 5.5 lm in side
length in diﬀerent samples. Tabular barite visibly domi-
nated both boiling and most of the focused ﬂow samples,
except for focused ﬂow 2. Four samples, (boiling 2, focused
ﬂow 3, 5 and 7) consisted almost entirely of sub-micron and
nanoscale particles and tabular barite (Figs. 2 and 3).
The second dominant particle class was aggregates of
spherical particles containing varying ratios of Cu, Fe, Zn
and S. These particles ranged from 500 nm diameter with
well-deﬁned spherical morphology, to smaller sized parti-
cles with a diameter <100 lm, with the size and morphol-
ogy of smaller particles hard to distinguish consistently
via SEM due to the size and aggregation (Fig. 3). TEM
analysis conﬁrmed the observation that Cu, Fe, Zn, As
and S co-occur on small (<50 nm) spatial scales in the same
particle grouping, and that the individual particles may be
as small as 2 nm (Fig. 4). In addition to occurring in mixed
metal nanoparticles, arsenic was also observed to occur in
discrete As-S or As-Pb-S. After tabular barite, these
<100 lm particles visibly dominated boiling samples and
focused ﬂow samples 3, 5 and 7 during SEM assessments.
Based on XRD and TEM/ED results (Fig. 4) these particles
were likely comprised of nanophase ZnS, with the other ele-
ments either adsorbed on the surface of or incorporated
into the particles, based on XRD and TEM/ED results
(Fig. 4). The submicron and nanophase ZnS gives both dis-
crete diﬀraction points for sphalerite and diﬀuse diﬀraction
rings (Fig. 4). The diﬀuse diﬀraction rings are similar to
those attributed to synthetic nanophase ZnS (Fig. S5) that
is neither an endmember to sphalerite or wurtzite (Vogel
et al., 2000).
The third particle class consisted of larger (>500 nm),
euhedral particles. These particles included FeS2 (boiling
sample 1, diﬀuse ﬂow), PbS (focused ﬂow 2, diﬀuse ﬂow)
and CuFeS2 (diﬀuse ﬂow). The most common morphology
was spheroidal or framboidal (FeS2/CuFeS2) or octahedral
(PbS), although cubic PbS and FeS2 were also observed.
The samples with cooler in-situ temperature, higher
Table 3
XRD results from black smoke precipitates. Results are only roughly quantitative as diﬀracted powder was of low and variable volume.
Sample name Dive/bottle Major Intermediate Minor
Boiling vent tarnish 1918 blue paraﬁlm Sulfur Barite, pyrite, anhydrite, calcite Chalcopyrite
Boiling 1 1918 blue Barite, chalcopyrite Pyrite
Boiling 2 1918 yellow Barite Chalcopyrite, sphalerite
Focused ﬂow 1 1918 red Barite, pyrite Chalcopyrite
Focused ﬂow 2 1918 orange Chalcopyrite, barite Pyrite, sphalerite
Focused ﬂow 3 1919 yellow Barite Chalcopyrite, sphalerite
Focused ﬂow 4 1919 green Anhydrite, chalcopyrite Barite
Focused ﬂow 5 1919 gray Barite Anhydrite, pyrite, chalcopyrite
Focused ﬂow 6 1919 red Anhydrite, chalcopyrite Barite
Focused ﬂow 7 1920 blue Barite Chalcopyrite, sphalerite
Diﬀuse ﬂow 1920 orange Barite, chalcopyrite Pyrite
Fig. 2. Representative SEM images from all samples collected, images are all the same scale and descriptions of each sample are listed in
Table 1.
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greater abundance of larger particles with well-deﬁned mor-
phology (Fig. 2). Some samples (boiling sample 2, focused
ﬂow sample 1, 3 and 7) contained no larger, euhedral par-
ticles aside from barite, and only contained barite and the
small aggregates.
The last broad class of particles observed was entrained
chimney fragments. These were often large and representthe only >10 lm particles observed and exhibited broken
edges (Fig S1). Six samples (boiling 2, focused ﬂow 1, 2,
3, 4 and diﬀuse ﬂow) contained some entrained chimney
pieces. These were few and not representative of the sample,
although they do contribute to bulk results, including total
element concentrations and mineralogy (bulk XRD).
Focused ﬂow 6 contained the greatest number of entrained
pieces determined both visually and by examining XRD
Fig. 3. Further details of variable particle morphologies represented in ﬂuids from Niua and not represented in overview images presented in
Fig. 2. a. From boiling vent 1; larger spheroids are ZnS; smaller particles are compositionally CuFeS2 with variable As; bright spots contain
Pb; tablets are barite. b. From boiling vent 1; discrete clumps are ZnS with As; bright center also contains Pb. c. Diﬀuse ﬂow vent. Central
spheres CuFeS2; bottom sphere FeS2.
Fig. 4. TEM micrographs and electron diﬀraction for sample boiling 2 (a and b) focused ﬂow 4 (c) and boiling 1 (d). Corresponding ED are
shown in the appendix. The ED rings and spots can be explained by nano ZnS and sphalerite. In addition to Zn and S, Pb, As and Fe were
detected via EDS.
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Fig. 6. Saturation index for major minerals at the conditions of
collection measured by powder XRD calculated by PHREEQC.
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entrained chimney pieces are composed of either anhydrite,
barite or chalcopyrite. This is consistent with the composi-
tion of the chimneys, which are dominated by chalcopyrite
and minor pyrite lining the interiors of all chimneys, with
anhydrite adjacent to chalcopyrite. (Fig. S2).
For the tarnish deposited on the sampler nozzle during
boiling, SEM showed that the particles are a mix of a nano-
phase coating, as well as larger euhedral crystals. Tabular
barite was not commonly observed by SEM on the snorkel
tarnish; EDS showed the nanophase precipitates are largely
composed of Fe, Cu and S. The tarnish collected from the
boiling vent contained sulfur and calcite, in addition to bar-
ite, pyrite, anhydrite and chalcopyrite. The chalcopyrite
exhibited peak broadening, indicating nanoscale minerals
(Scherrer, 1918).
3.3. XRD clusters and solubility
Automated cluster analysis was performed on XRD
diﬀractograms to provide further insight into bulk particle
composition. Three groups were identiﬁed; one group
(focused ﬂow 4 and 6) contains some anhydrite; a second
group (the tarnish on the nozzle and boiling 1) contained
no entrained chimney pieces and exhibited broader peaks
for most minerals; and all other samples formed one cluster
(Fig. 5). The ﬁrst three components explained approxi-
mately 80% of the variation between sample proﬁles; ﬁve
components would be required to explain >90% of the vari-
ance. Peak intensity was not used as an input to the analy-
sis, so the similarity is based on the presence or absence of
minerals and not their relative abundances.
All major minerals (barite, chalcopyrite, galena, and
pyrite) were supersaturated in all ﬂuids at the point of col-
lection, except for sphalerite, which was supersaturated in
focused ﬂow 1, 6, 7 and diﬀuse ﬂow, and undersaturated
in other samples (Fig. 6). Nanophase ZnS is abundant
throughout the samples as evidenced by SEM/EDS,Fig. 5. Dendrogram representing an automated cluster analysis of diﬀra
break patterns into three groups.TEM/ED and powder XRD, with powder XRD peaks
apparent in samples focused ﬂow 1 and 5; it is the only dis-
tinct ‘‘nanomineral” identiﬁable by powder XRD, deﬁned
as a nanoscale mineral that has no equivalent macromineral
(Hochella et al., 2008).
3.4. Minor phases
Arsenic sulﬁdes are inferred from EDS elemental ratios,
however they are not identiﬁed mineralogically. SEM/EDS
and TEM/ED/EDS results indicate that in addition to dis-
crete As sulﬁdes, As is likely also adsorbed to ZnS, and may
be a major (10% atomic) constituent of both the larger
(>100 lm) and smaller sulﬁde particles described above.
The ZnS was in some cases crystalline sphalerite, and in
some cases poorly crystalline nano ZnS.
Other particles identiﬁed via SEM include native Au
(Gartman et al., 2018; Fig. 7) and bismuth telluridesctograms. Dashed line represents 70% dissimilarity and is used to
Fig. 7. TEM micrographs (a and b) and diﬀraction (c) of Au from the diﬀuse ﬂow vent and (d) particle sizes from the particles measured via
SEM.
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hexagonal, and averaged 1  0.6 lm (±0.4  0.3 lm) in
tablet length and width and were typically <200 nm thick
and often <100 nm in one dimension. Seventy-ﬁve BixTey
particles were found in focused ﬂow 1, 3, 4, 5, and 6. These
particles occur in samples containing the highest overall
concentrations of both elements. The Bi/Te ratio in parti-
cles is considered uncertain due to the small particle size
and variable sample topography during analyses. Raman
spectroscopy demonstrated that tellurobismuthite accounts
for at least some of the BixTey particles identiﬁed (Fig. 8f),
although most of the particles were too small to be identi-
ﬁed under the 100x optical microscope lens.
4. DISCUSSION
4.1. Mineralogy of fluids
Fluids have long been known to transport minerals, with
the detection of small (e.g., <1 lm) particles constrained by
the techniques used. A compilation of minerals detected in
hydrothermal plumes is presented in Table 4, and includes
data collected at the East Paciﬁc Rise 9500N, several siteson the Mid-Atlantic Ridge, and Juan de Fuca. Pyrite and
chalcopyrite occur in all locations, and sphalerite and pyr-
rhotite are also common. The major minerals found sus-
pended in ﬂuids at Niua include pyrite, sphalerite,
chalcopyrite, barite, and anhydrite, and are consistent with
the dominant composition of the chimneys (Gartman et al.,
2018) and solubility calculations (Fig. 6). As in other vent
ﬁelds with temperatures below 350 C, samples taken at
Niua are depleted in Cu relative to Fe due to chalcopyrite
precipitation (Metz and Trefry, 2000; Seyfried and Ding,
1993). Niua ﬂuids have excess metals relative to sulfur, with
Stot/(Fe + Cu + Zn) ranging from 0.095 to 0.47. At Niua,
AVS/CRS ratios are between 0.5 and 40 in the ﬁltered
phase and 0.6 and 4 in the whole ﬂuid, indicating large vari-
ability in sulfur distribution between the two phases, and
also that CRS (indicating recalcitrant sulﬁde minerals) is
not clearly divided as a function of size. Fe/Cu ratios at
Niua are similar to prior results in the Lau basin and are
consistent with buﬀering by the hematite-magnetite assem-
blage (Seyfried and Ding, 1993).
Barite forms in hydrothermal ﬂuids after the entrain-
ment of seawater sulfate; at Niua, barite formation occurs
at the point of boiling (i.e. on the snorkel tarnish) and later,
Fig. 8. SEM micrographs of bismuth tellurides from focused ﬂow samples 1 (d), 3 (a) and 6 (b, c and e). Bright particles, often platelets, are
the bismuth tellurides. Other euhedral particles are either barite (a) or chalcopyrite (a, b and e). In a and b some of the BixTey particles are
embedded in chalcopyrite. ln sample d, they are embedded in the aggregate of nanoparticulate metal sulﬁdes. Aggregates of smaller particles
are some combination of Zn, Cu, Fe and S with variable ratios. f. Raman spectra bismuth telluride that is broadly consistent with the
tellurobismuthite standard.
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conductive cooling that occurs as ﬂuids rise through the
system, cooling and mixing during sampling are coupled.
The ﬂuid samples obtained at Niua exhibit between 6.5
and 72.6% seawater magnesium. This involves a minimum
entrainment of 1.9 mM sulfate, while the maximum bar-
ium measured was 109 lM and therefore always at least
an order of magnitude lower than the sulfate. SEM exami-
nation revealed that for the majority of the samples, barite
particles exhibited a narrow range of sizes (1–5.5 lm)
although TEM results showed nanophase barite crystals
(Fig. S4).
The majority of barite observed in ﬂuids at Niua is tab-
ular or a variation on tabular, with intergrown and twinned
crystals common (Fig. 2, Fig. 9, Fig. S4). The side lengths
of tabular barite particles were measured as another control
on particle growth and showed a relationship with the Mg
concentration of the ﬂuids, and not barium concentration,
shipboard pH, high temperature of the vent ﬂuid, or time
from sample collection to processing. Broadly, the side
length of tabular barite decreased with increasing magne-
sium content (and corresponding sulfate entrainment). In
addition, low Mg samples exhibited more regular barite
morphologies, with tabular barite crystals dominating at
low Mg, consistent with barite precipitation at higher tem-
perature and lower degrees of supersaturation (Jamieson
et al., 2016). Chains of smaller tablets appeared in focused
ﬂow 4 (53% seawater). The diﬀuse ﬂow sample (60%seawater) exhibited small, infrequent barite tabs, and no
tabular barite was observed in focused ﬂow 2 (73%
seawater). The lack of observed barite in focused ﬂow 2 is
possibly related to the abundance of other minerals, which
may have made the barite more diﬃcult to observe, as
focused ﬂow 2 did exhibit barite peaks via XRD.
Sphalerite is variably saturated in the ﬂuids at the point
of collection (Fig. 6), and zinc sulﬁde nanoparticles are not
observed via powder XRD in all samples although this may
be related to variations in abundance of other minerals. The
two samples most clearly exhibiting nano-ZnS via powder
XRD did not include bulk sphalerite. Although discrete
arsenic minerals were not detected via diﬀraction methods,
the suggestion that large amounts of sorbed As are present
on zinc sulﬁdes is consistent with the tendency of arsenite to
adsorb to metal sulﬁdes (Bostick et al., 2003) and its asso-
ciation but uneven distribution relative to iron oxides and
sulﬁdes in previous studies (Breier et al., 2012). Breier
et al., 2012 also found that As was positively correlated
with both Fe and Zn in hydrothermal plume samples from
EPR. Arsenic forms oxyanions in seawater and may have
adsorbed onto the rising plume particles from seawater,
however another possibility for the Zn-As correlation could
be coupled Zn-As particles present at the point of
discharge.
Bismuth tellurides, identiﬁed here, have not previously
been identiﬁed in suspension in hydrothermal ﬂuids, but
bismuth tellurides including tellurobismuthite have been
Table 4
Compilation of minerals detected in hydrothermal plumes. Refer-
ences 2, 4, 5 and 6 include data from hot ﬂuids; reference 1 includes
data from up to 26 m above the vent, in the rising plume; and
reference 3 includes data from the neutrally buoyant plume.
References and locations: 1Feely et al. (1990), ASHES vent ﬁeld,
Axial Volcano, Juan de Fuca Ridge; 2Klevenz et al. (2011),
Logatchev I and 5S, Mid-Atlantic Ridge; 3Breier et al. (2012), East
Paciﬁc Rise 9500N; 4Gartman et al. (2014), Rainbow, TAG and
Snakepit, Mid-Atlantic Ridge; 5Findlay et al. (2014), Rainbow,
TAG and Snakepit, Mid-Atlantic Ridge; 6Findlay et al. (2019),
7this study.
Mineral Formula Reference
Sulfides
Pyrrhotite Fe(1-x)Sx 1,2,3
Mackinawite FeS 3
Pyrite FeS2 1,2,3,4,6,7
Marcasite FeS2 1
Bornite Cu5FeS4 3
Cubanite CuFe2S3 3
Chalcopyrite CuFeS2 1,2,3,4,6,7
Chalcocite Cu2S 3
Covellite CuS 3
Digenite Cu9S5 3
Fukuchilite Cu3FeS8 3
Alabandite MnS 3
Rambergite MnS 3
Hauerite MnS2 3
Sphalerite ZnS 1,2,3,6,7
Wurtzite ZnS 2
Nano-ZnS ZnS 6,7
Oxides
Ferrihydrite Fe5HO84H2O 3
Maghemite Fe2O3 3
Magnetite Fe3O4 3
Crednerite CuMnO2 3
Bixbyite (Mn,Fe)2O3 3
Franklinite (Zn,Mn,Fe)(Fe,Mn)2O4 3
Sulfates
Anhydrite CaSO4 1,2,6,7
Barite BaSO4 1,2,6,7
Gordaite Zn4Na(OH)6(SO4)Cl6H2O 6
Si-containing
Amorphous Si SiO2 1
Kaolinite Al2Si2O5(OH)4 4
Carbonates
Calcite CaCO3 4
Tellurides
Tellurobismuthite Bi2Te3 7
Native elements
Au Au 7
S S 2,3,4,5,6,7
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the major phases for bismuth, together with native Bi or Te
(Monecke et al., 2016), which we do not observe here. The
correlation between Te and Bi indicates that BixTey parti-
cles are the dominant form of bismuth and tellurium in
these ﬂuids, although the Bi/Te ratio varies from 0.08 to
0.87 suggesting a number of diﬀerent phases may be
present.4.2. Processes of precipitation
The location of particle nucleation and the extent or lack
of growth is one of the primary controls on the emplace-
ment of hydrothermally emitted elements, whether in
hydrothermal chimneys, the metalliferous sediments that
are most abundant near ﬁeld, or dispersal farther into the
ocean including transport for thousands of kilometers
(Resing et al., 2015). At Niua, we identify several mecha-
nisms of mineral precipitation, each with diﬀerent implica-
tions for the fate of elements in the system: boiling, mixing,
conductive cooling within the hydrothermal ﬂow, and cool-
ing related to mixing or as an artifact during recovery of the
samplers (Fig. 10).
4.2.1. Boiling and subsurface particle precipitation
Phase separation in seaﬂoor systems may occur over a
range of temperatures and pressures, either near or far from
the critical point. The eﬀect of phase separation on ﬂuid
composition depends both on the temperature and pressure
at which phase separation takes place, and on the composi-
tion of the ﬂuid prior to phase separation (Monecke et al.,
2014). The loss of volatiles upon boiling may result in
ligand loss (e.g. sulﬁde) and aﬀect the ﬂuid pH (e.g. loss
of CO2); with physical changes that also occur (e.g. volume,
temperature) considered to have less of an impact on metal
transport (Drummond and Ohmoto, 1985). In addition to
the liquid phase becoming more oxidizing due to loss of
reducing volatiles such as H2, and H2S, experimental work
has demonstrated that the entire system (resultant vapor
and liquid) may become more oxidized post-phase separa-
tion, as the volume of the initial system increases and the
reducing components are eﬀectively diluted (Bischoﬀ and
Rosenbauer, 1984). At higher temperatures near the critical
point, diﬀerences between the resultant separated phases
are not as great (Foustoukos and Seyfried, 2007) but at
shallower/lower temperature systems, such as Niua, metal
deposition due to boiling may be more eﬃcient (e.g.
Monecke et al., 2014).
The snorkel tarnish collected from the boiling black
smoker at Niua provides a snapshot of the minerals precip-
itated directly upon boiling. Although the cold snorkel
could have induced further precipitation, the same tarnish
was not observed in other vents. In other samples, the ﬂuids
have already boiled before venting and therefore precipi-
tated some minerals and associated elements as a result of
boiling. The direct precipitation of native gold as nanopar-
ticles on the snorkel (Fig. 7; Gartman et al., 2018) as well as
the abundance of other nanoparticles including nano-
chalcopyrite (Fig. 5) is evidence of the rapid nucleation
and quenching at the boiling ﬂuid/seawater interface
(Fig. 10). Further precipitation of elemental sulfur indicates
evidence of redox cycling potentially in tandem with iron,
further supported by the D33S values. The abundance of
both pyrite and sulfur on the snorkel tarnish indicate rapid
oxidation at the boiling interface, more so than in samples
where mixing is occurring without boiling and elemental
sulfur is absent.
Precipitation in the high-temperature ﬂuids below the
seaﬂoor (either due to boiling, cooling, or direct magmatic
Fig. 9. Barite morphologies and particle size distribution of tabular barite particles at Niua. a is from the deposit on the snorkel tarnish; b and
c are from focused ﬂow 5. d plots the average diameter of tabular barite in all samples against the Mg concentration of the ﬂuids.
Fig. 10. Processes of precipitation occurring at Niua. 1. Boiling results in rapid vapor exsolution leading to sulﬁde (ligand) loss and
deposition. Redox changes occur due to H2, and H2S loss as well as volume expansion. The precipitation zone is at the boiling horizon. Rapid
particle nucleation occurs, as well as scaling when boiling is within a restricted zone. Scaling will result in particle deposition, whereas
nanoparticles may undergo transport 2. Mixing with seawater causes reagent concentrations to abruptly shift as two reservoirs mix together at
meter-per-second rates, encouraging nucleation while limiting growth. Precipitation may be induced by the addition of reagents (e.g. SO4
2).
Rapid dilution of hydrothermal ﬂuid related to ﬂuid ﬂow rate may lead to abundant nucleation and little time for growth encouraging
nanoparticle formation in a non- steady state process. The precipitation zone is at the interface between the reservoirs. Particle aggregation
will limit transport. 3. Conductive cooling occurs in a ﬁxed reservoir of reactants and no dilution mean particle growth is encouraged until
limiting reagents are consumed; reagent concentrations drawdown slowly as a result of precipitation, with an otherwise stable reservoir.
Particle growth is encouraged. The precipitation zone is within the reservoir as the ﬂuids cool, and particle growth may limit transport.
Cooling during sampler recovery is analogous to process 3, conductive cooling as it occurs in a ﬁxed reservoir of reactants. The rate of cooling
is artiﬁcially slowed by the sampler, and particle growth is encouraged until limiting reagents are consumed, encouraging the formation of
larger particles. Processes 1–3 often co-occur, complicating assessments. For instance, ﬂuids may have boiled in the subsurface prior to
undergoing conductive cooling during rise and mixing with seawater upon emission, as occurs at Niua. At Niua, the vertical distance from the
deepest vent, which is the vent observed to be boiling, and the shallowest, diﬀuse ﬂow vent, is approximately 20 m.
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ship to Mg. For example, Bi and Te do not show dilution
with increasing Mg, as other elements do (Supplementary
Table 1). The fact that many of the Bi-Te particles are
embedded in chalcopyrite grains (Fig. 8) indicates that the
precipitation of Bi-tellurides occured prior to the euhedral
chalcopyrite. Ciobanu et al. (2006) suggests that Bi-Te richmelts form when a system experiences abrupt changes in
redox state. The D33S data of these ﬂuid support the possi-
bility of abrupt redox cycling (Kamyshny et al., 2014), but
do not provide evidence for magmatic input. SO2 is unsta-
ble below 350 C so any gas phase loss would have occurred
prior to the seaﬂoor boiling observed at Niua; below
350 C, SO2 hydration and disproportionation results
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2011) that would not be trapped during AVS/CRS ﬁxation,
as well as sulﬁde and sulfur, which would be. Although gold
and bismuth minerals are often found together in ore sys-
tems and it has been suggested that liquid bismuth may
serve to aggregate gold (e.g. To¨rma¨nen and Koski, 2006;
Tooth et al., 2011) no gold-bismuth minerals (e.g. mal-
donite) nor elemental bismuth or tellurium were observed,
and gold and bismuth show diﬀerent patterns of enrichment
in the ﬂuids (Table S1) and corresponding chimneys
(Peterkin et al., 2018). The lack of co-enrichment of Bi,
Te and Au is further evidence that the bismuth tellurides
precipitated from solution rather than melt, as the presence
of liquid Bi in the melt should have resulted in
co-enrichment of Au (Tooth et al., 2011). Instead, all Bi
is present as BixTey particles which occur as ‘free’ particles
in the system as well as mineral inclusions, and the bismuth
telluride morphology is similar to particles synthesized
from solution (e.g. Zhang et al., 2008).
4.2.2. Particle precipitation during cooling and mixing
Mixing and cooling often co-occur, but can have sepa-
rate eﬀects on mineral precipitation. Rapid mixing and
resultant rapid ﬂuid dilution will result in abundant particle
nucleation and little time for growth, whereas conductive
cooling with little mixing will result in larger minerals, as
there is longer exposure time to growth conditions
(Fig. 10). Klevenz et al. (2011) found via reaction path
modeling that greater precipitation occurs with mixing than
by conductive cooling alone, although the eﬀect varied
between minerals. At Niua, the precipitation of zinc sulﬁde
nanoparticles in many of the samples is consistent with
rapid nucleation and limited growth, and is suggested to
occur rapidly upon hydrothermal ﬂuid/seawater mixing.
In contrast, the coarsely crystalline sphalerite and other
metal sulﬁdes precipitate upon mixing and/or cooling, as
particle size and crystallinity increases for cooler ﬂuids with
higher Mg content. Sphalerite is saturated in the focused
ﬂow 1, 3, 5, 7, and in the diﬀuse ﬂow under the conditions
at which the ﬂuids were collected as expected, since the sat-
uration index of sphalerite increases for all samples as the
ﬂuids cool.
Sulfur isotopes analyses are relevant for understanding
endmember ﬂuid composition, and post-emission element
cycling. The d34S results from ﬂuids at Niua range from
2.5 to 3.6‰ and are consistent with minor seawater entrain-
ment or isotope exchange between sulfate and sulﬁde, as
mantle sulfur has a d 34S value of about zero ‰ (Ono
et al., 2007). There is no evidence of disproportionation
of SO2, which would be indicated by negative d
34S values
for sulﬁde. D33S values from samples at Niua predomi-
nantly reﬂect reduction of seawater sulfate, with either very
minor or no impact from isotope exchange with anhydrite
(Ono et al., 2007). Notable exceptions are focused ﬂow 7,
which is consistent with full isotope equilibration between
sulﬁde and anhydrite, and focused ﬂow 3, whose strongly
negative D33S may reﬂect abiotic cycling of sulfur (e.g.
Kamyshny et al., 2014). The large spread in D33S indicates
that S may be aﬀected by diﬀerent ﬂow-path dependent pro-
cesses during ﬂuid mixing, such as redox cycling, isotopeexchange and particle formation, even though the ﬂuid
originates from a single source.
4.2.3. Possible artifacts of sampling
Two major potential artifact sets exist in this sample set;
the possibility of particle formation in the sampler during
recovery, and the entrainment of particles that were broken
oﬀ from the hydrothermal chimney during sampling. Each
possibility needs to be examined on a sample by sample
(entrainment) and mineral speciﬁc (formation) basis. In
the case of the abundant tabular barite, its morphology
and experimentally determined kinetics of precipitation
suggest that it is formed during sampling. Although barite
was supersaturated in all samples under conditions relevant
to the point of collection (Fig. 6) and barite precipitation
kinetics are rapid, barite would continue to grow for min-
utes under these conditions (Gardner and Nancollas,
1983; Zhen-Wu et al., 2016), during which the ﬂuids cooled.
As a result, although barite is saturated in situ (Fig. 6) and
is also a major component of the chimneys, the barite we
observe in the sampled black smoke is likely of limited rel-
evance to in situ hydrothermal plume mineral formation.
This is supported by the observed correlation of barite crys-
tal size and the Mg content of the sampled ﬂuids. The
decrease in particle size and the increased irregularity of
the barite particles as a result of seawater entrainment
could be related to a shift from growth control to nucle-
ation control as the supersaturation increased with increas-
ing seawater (SO4) content, the rate of nucleation would
likewise increase (Steefel and Van Cappellen, 1990;
Jamieson et al., 2016). Mineral size, including for barite,
does not correlate with time of sampler recovery (between
1 and 8 h, Section 2.2). Coupled with the rapid timescale
of mineral precipitation kinetics noted above, the time
between sampling and recovery does not result in system-
atic artifacts in this sample set.
A major challenge in characterizing particles in
hydrothermal ﬂuids is the point of ﬁltration. Studies that
have operationally deﬁned nanoparticles based on the
chemical reactivity of ﬂuids (e.g. sequential acid leaching
and sulfur reduction) that pass a ﬁlter note that the mea-
sured concentrations likely reﬂect underestimates due to
aggregation of nanoparticles during ﬁltration (Yu¨cel
et al., 2011; Gartman et al., 2014; Findlay et al., 2015).
Studies attempting to compare in situ and ex situ ﬁltration
(Cotte et al., 2015) further note that ex situ ﬁltration under-
estimates the ‘‘dissolved” fraction; however in situ ﬁltration
is only feasible to perform on lower temperature ﬂuids. This
diﬃculty has previously been noted for high temperature
studies performing ex situ ﬁltration (e.g. Schmidt et al.,
2007; Hannington and Garbe-Scho¨enberg, 2019).
4.3. (Nano)particle fate
4.3.1. Local transport and emplacement
The role of nanoparticles in the fate of elements in
hydrothermal systems will depend on the behavior of these
particles within hydrothermal ﬂuids and across the
hydrothermal ﬂuid-seawater boundary. Nanoparticles are
deﬁned as those with one or more dimension <100 nm,
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properties may begin to deviate from those of a bulk min-
eral; these deviations are most important toward the smal-
ler end of this range (Hochella et al., 2008). Colloids
encompass nanoparticles and as well as slightly larger par-
ticles, and are deﬁned as sub-micron particles, with the term
meaningful because their size indicates that Brownian
motion may be more important than gravitational settling,
indicating the possibility of suspension and transport
(Russel et al., 1989). Therefore, suspensions of submicron
(colloids) and nanoscale minerals raise the possibility of
increased element transport because they exhibit diﬀerent
chemical stability than dissolved species, with nanoparticles
also diﬀering in behavior from larger particles with the
same mineralogy (Hochella et al., 2008). Additionally,
nanoparticles may aﬀect the sedimentation of other parti-
cles co-occurring in solution through charge buildup
(Tohver et al., 2001). The stability of suspended submicron
particles (colloidal suspensions) through time depends on
several factors including surface charge and sterics (as inﬂu-
enced by surface functional groups), pH, and ionic strength.
The solution temperature also aﬀects stability by inﬂuenc-
ing the rate of particle collisions (Russel et al., 1989). The
behavior of suspended particles is complicated in natural
systems such as Niua by the inhomogeneity of the solution,
wherein the dispersion is suspended in a heterogeneous ﬂuid
that contains temperature and ionic strength gradients as
well as other particles. Processes of ﬂuid ﬂow and abundant
low molecular weight organics, and with larger organics
entrained along with seawater (Hawkes et al., 2015) also
provides additional means by which the particles remain
suspended in solution until destabilized by variation in ﬂuid
conditions (Sharma et al., 2009), in this case cooling. At
Niua, as for most natural systems, the surface functional
groups of the particles, the resulting surface charge, and
subsequent repulsion between particles are not known.
Gold appears to undergo transport as colloidal particles
within the Niua system during ﬂuid rise and conductive
cooling, prior to ﬂuid emission into seawater (Gartman
et al., 2018); based on the density of these particles and their
growth in the high temperature ﬂuids, they are unlikely to
undergo signiﬁcant transport after emission into seawater.
Although other minerals appear to be abundant as
nanoparticles and colloids (e.g. ZnS, chalcopyrite, bismuth
tellurides), we do not see evidence that minerals other than
Au were transported within the hydrothermal system in a
way that resulted in element transport patterns distinctly
diﬀerent from those that could occur with larger (>1 lm)
particles or truly dissolved phases. There are several possi-
ble reasons for this. First, if an element is incorporated into
several minerals or diﬀerent sizes of the same mineral, or if
nanoparticles and dissolved species of the same element
occur concomitantly, there will not be a distinctive trend
in the bulk element transport and it will be necessary to
trace speciﬁc phases rather than elements (e.g. nanopartic-
ulate pyrite rather than Fe, Yu¨cel et al., 2011). Also, if
nanoparticles are associated with larger mineral phases,
either through incorporation (as we observe with bismuth
tellurides) or through aggregation or adsorption, they
will be subject to more rapid settling than discretenanoparticles, and their behavior in the bulk ﬂuid will be
like that of larger particles. Zinc sulﬁde nanoparticles are
abundant in the samples and appear to remain nano-scale
even as aggregates, however our dataset gives no indication
as to whether zinc sulﬁde nanoparticles undergo transport
away from the vent zone, although nanophase ZnS has pre-
viously been observed in the diﬀuse ﬂow zone of hydrother-
mal vents via in situ electrochemical methods (Hsu-Kim
et al., 2008). A potential consequence of the precipitation
of nano- ZnS may be the suppression of bulk sphalerite
or wurtzite formation. ZnS nanoparticles have been
reported to undergo two phase coarsening (Huang et al.,
2003) that is quite slow, and even at 225 C, particles
remained in the nanoscale size range after 100 h. Other
studies have found that colloidal ZnS and sphalerite do
not equilibrate, even over several months at room temper-
ature (Daskalakis and Helz, 1993), meaning that once
formed in hydrothermal environments like Niua, nano-
ZnS may resist growth and remain nano-scale. As a result,
physical transport and aggregation processes will dictate
metal accumulation; the powder diﬀraction pattern and
electron microscope imaging of the ZnS nanoparticles
described here from Niua are quite similar to those
described at Lake Kivu in 1972, which resulted in signiﬁ-
cant accumulation of zinc in the water column in resinous
globules (Degens et al., 1972).
Although the potential for transport is the most fre-
quently discussed reason to consider nanoparticle emission
in hydrothermal ﬂuids, local behavior of nanoparticles may
be important for other processes occurring in hydrothermal
systems. Previous studies have suggested nano-inclusions of
conducting phases as potential reasons that semi-conductor
sulﬁdes exhibit metal like conductivity (Nakamura et al.,
2010), as well as a possible reason that natural chalcopyrite
has been observed to exhibit thermoelectric properties (Ang
et al., 2015). Two of the minor mineral phases that occur
with frequency in ﬂuids at Niua have thermoelectric (BiTe)
and photoelectric (nano Au) properties; both of which
could contribute to conduction and electricity generation
at chimneys. Heat is integral to hydrothermal systems and
light may be generated in certain systems by several pro-
cesses, including thermal radiation. Light may be particu-
larly important in boiling systems as chemiluminesence,
crystalloluminescence, and vapor bubble luminescence are
other suggested mechanisms for light generation
(Reynolds and Lutz, 2001; White et al., 2002). Even assum-
ing a negligible photoelectric contribution from nano Au,
inclusion of gold nanoparticles in bulk semiconductors will
increase conductivity. All of these potential eﬀects of
nanoparticles are physico-chemically relevant for microbial
interactions with chimneys, especially including extracellu-
lar electron transfer. However, the thermal stability of
nanoparticles in hydrothermal chimneys is largely
unknown, and for most minerals the longevity of nanopar-
ticles when maintained at elevated temperatures, remains to
be determined (e.g. Reich et al., 2006).
4.3.2. Potential for global transport
First principles (Hochella et al., 2012) and data-based
(Gartman et al., 2014) estimates of hydrothermal
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in broad agreement; however, as demonstrated here,
hydrothermal vents emit a wide variety of minerals to the
global ocean which lack simple methods of quantiﬁcation,
and a full understanding of the emissions of particles,
nanoparticles and colloids and their impact on global pro-
cess and ﬂuxes beyond the immediate vent zone requires fur-
ther work. As observed at Niua (Figs. 4 and 9) nanoparticles
may occur as metastable species, depositing in the chimneys
and either growing or becoming incorporated into larger
particles. If they remain in suspension as discrete particles,
they may rise with the buoyant plume, possibly aggregating
with either organic material or other minerals. Breier et al.
(2012) observed abundant nanoparticle aggregation in the
rising plume at EPR 9N. Integrated studies considering
particle transport from the vent zone to far ﬁeld plume in
the same system do not exist, and processes will vary among
sites given particulars of hydrothermal geochemistry, tem-
perature, ﬂuid emission and local oceanographic conditions.
Among other factors, the bulk geochemistry, including
metal/sulﬁde ratios in ﬂuid, will be important for the trans-
port of metals as metal sulﬁde nanoparticles relative to
metal-organic complexes. The magnitude of these processes
is diﬃcult to determine, but isotopic evidence may suggest
the relative importance of each process farther aﬁeld
(Rouxel et al., 2016). Fluid ﬂow rates are likely a ﬁrst order
control on bulk vs nanoparticle metal sulﬁde precipitation,
as greater ﬂow rates would promote nucleation while mini-
mizing growth, consistent with our observations here
(Fig. 10). If precipitation does not occur until the interface
with seawater is reached, the formation of nanoparticles will
likely dominate metal mass balance, as suggested for the
nano-ZnS at Niua. There is evidence that certain mineral
nanoparticles behave conservatively, at least within the ﬁrst
meter of mixing (Findlay et al., 2015, 2019); however, the
extent of transport beyond that point is unclear. As seawater
mixing and cooling are major controls on particle precipita-
tion, the entrainment of seawater into porous chimneys and
variability therein (Tivey et al., 2002) should inﬂuence the
timing of mineral precipitation and will be less variable in
high temperature chimneys that do not exhibit tidal variabil-
ity. Oceanic transport can occur even for larger particles
resulting from organic entrainment due to their low density
(Fitzsimmons et al., 2017) although these particles are likely
dynamic and change through time, and do not represent dis-
crete, single crystal minerals. Additionally, the presence of
microbially produced organic matter may aﬀect not only
mineral transport far ﬁeld, but also mineral-mineral attach-
ment in chimneys (Gartman et al., 2017) and in sulﬁde-poor
systems will provide primary complexation and inﬂuence
mineralogy of metals that escape immediate inorganic pre-
cipitation (Toner et al., 2012).
5. CONCLUSIONS
The particle geochemistry of hydrothermal black smoke
at Niua vent ﬁeld has been examined in order to connect
nano-to macro-scale mineralizing processes and to consider
the location of precipitation in order to link growth of localhydrothermal deposits, hydrothermal sediments, and the
transport of hydrothermal elements away from the vent
zone. Iron, copper and zinc sulﬁdes, and calcium and bar-
ium sulfates are the most prevalent particles in the ﬂuids
at Niua, as has been shown for other vents in prior work.
Diﬀerent modes of particle formation, transport and
growth are suggested for these (nano)particles, including
precipitation as colloids upon boiling (gold), precipitation
and growth upon mixing, at times as an artifact complicat-
ing ex-situ determination (barite), and potentially sub-
seaﬂoor formation via conductive cooling (bismuth
tellurides). Although the hydrothermal vent- seawater inter-
face provides potentially ‘ideal’ natural location for
nanoparticle formation, with rapid particle nucleation and
conditions limiting particle growth, these conditions are
mainly realized under conditions with rapid rates of mixing
and low rates of conductive cooling. Further, quantifying
the abundance of these nanoparticles and distinguishing
transport-relevant processes from mere presence as
nanoparticles remains a challenge for the diversity of
nanoparticles that occur, as they may be entrained in other
minerals by the time they are emitted (e.g. bismuth tel-
lurides) or occur across a range of sizes, crystallinity and
aggregation states (zinc sulﬁdes). We demonstrate that the
point of precipitation and the potential fates diﬀer for each
speciﬁc mineral, and that long-distance mineral transport is
not the only possible or consequential fate for nanoparticles
emitted from hydrothermal vents.Declaration of Competing Interest
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